Background: Faithful mitochondrial DNA replication ensures functional oxidative phosphorylation. Results: Recombination structures and replication forks are the main intermediates detected in Candida parapsilosis mtDNA. Conclusion: Recombination driven replication initiation and not transcription primed DNA synthesis prevails in yeast mitochondria. Significance: Our findings are essential for the understanding of yeast mitochondrial DNA metabolism.
Variation in the topology of mitochondrial DNA (mtDNA) in eukaryotes evokes the question if differently structured DNAs are replicated by a common mechanism. RNA-primed DNA synthesis has been established as a mechanism for replicating the circular animal/mammalian mtDNA. In yeasts, circular mtDNA molecules were assumed to be templates for rolling circle DNA-replication. We recently showed that in Candida albicans, which has circular mapping mtDNA, recombination driven replication is a major mechanism for replicating a complex branched mtDNA network. Careful analyses of C. albicans-mtDNA did not reveal detectable amounts of circular DNA molecules. In the present study we addressed the question of how the unit sized linear mtDNA of Candida parapsilosis terminating at both ends with arrays of tandem repeats (mitochondrial telomeres) is replicated. Originally, we expected to find replication intermediates diagnostic of canonical bi-directional replication initiation at the centrally located bi-directional promoter region. However, we found that the linear mtDNA of Candida parapsilosis also employs recombination for replication initiation. The most striking findings were that the mitochondrial telomeres appear to be hot spots for recombination driven replication, and that stable RNA:DNA hybrids, with a potential role in mtDNA replication, are also present in the mtDNA preparations.
A number of mitochondrial diseases result from impaired DNA replication (1) . This discovery revived interest in the mechanisms involved in mitochondrial DNA (mtDNA) 3 repli-cation. In several aspects, the mitochondria of simple unicellular eukaryotes have served as models for more complex organisms, because yeast and human mitochondria contain a comparable set of replication factors and they share certain common aspects of mtDNA replication (2, 3) . Despite these similarities, the mitochondrial genomes exhibit substantial variability in their molecular architecture. For example, the mitochondria of various fungal species contain a wide range of topologically different mtDNA forms such as circular, multipartite, monomeric, and concatemeric molecules, linear molecules with different telomeric structures, and complex branched structures (4 -8) . This variability prompted us to investigate the replication strategies of such topologically different genomes.
The mitochondrial genome of bakers' yeast (Saccharomyces cerevisiae) contains sequence elements termed ori/rep with characteristic guanine and cytosine (G ϩ C)-rich clusters that resemble the structures found at the heavy strand replication origin of mammalian mtDNA. The complete sequence of S. cerevisiae mtDNA contains up to eight ori/rep elements (9) . Based on their ability to support hypersuppressivness in genetic crosses between strains with wild-type (rho ϩ ) and short truncated (rho Ϫ ) mitochondrial genomes these sequences were implicated in the replication of mtDNA. Because the hypersuppressive rho Ϫ derivatives of the wild-type mtDNA contain ori/ rep elements amplified as reiterated tandem repeats, these elements were thought to offer a replication and/or segregation advantage over the wild-type or neutral rho Ϫ genomes (10 -12) . Four of the ori/rep elements, which contain an uninterrupted canonical promoter motif, are thought to be active origins of replication. This led to the assumption that yeast mtDNA replication initiation is an RNA-primed process (13, 14) . Although RNA-primed DNA strands have been detected in rho Ϫ mtDNA (12, 15, 16) they are seemingly dispensable for the hypersuppressiveness of rho Ϫ mtDNA maintenance (17) and there is no clear evidence to date showing involvement of ori/rep sequences in initiating the replication of the wild-type mtDNA. Moreover, specific rho Ϫ mutants lacking the ori/rep elements are stably maintained in yeast cells (18) . In addition, ori/rep elements do not represent an evolutionary conserved feature required for mtDNA replication (19, 20) and they may originate from a mobile or selfish element that invaded and was amplified in the mitochondria of the genus Saccharomyces (21) . As the G ϩ C clusters in S. cerevisiae mtDNA represent recombinational hot spots (22, 23) , the ori/rep elements may serve to promote recombination-dependent replication (RDR) and active transcription could play a stimulatory role in this process (24) . Several lines of evidence indicate that rho Ϫ genomes use different mechanisms for their maintenance as the replication of the rho ϩ genomes requires factors like the recombination protein Mgm101, the helicase Hmi1, and the RNA polymerase Rpo41, all of which are dispensable for the replication of certain classes of rho Ϫ genomes (17, 25, 26) . This implies that different, alternative replication mechanisms may operate within yeast mitochondria.
Studies that used pulsed-field gel electrophoresis and electron microscopy to investigate the structure of mtDNA suggested that yeast mtDNA is synthesized via a rolling circle replication (RCR) mechanism (4, 27, 28) . This mechanism generates concatemeric linear molecules, which are heterogeneous in size, but larger than the genome unit equivalent, and may explain the amplification of oligomeric repeats in rho Ϫ strains. Similar to the mitochondria of protozoan and plant species (29 -35) , the phage T4-like RDR mechanism appears to at least coexist with the RCR strategy also in yeasts. The RDR mechanism has been demonstrated in the mitochondria of Candida albicans indicating that it plays a major role in mtDNA maintenance (7) .
If RDR operates in C. albicans with circular mapping mtDNA, is the same mechanism involved in the replication of mtDNA with a dramatically different topology, i.e. unit sized linear mtDNA molecules with mitochondrial telomeres? In addition, the presence of linear DNA molecules terminating in specific telomeric structures in the mitochondria of phylogenetically different yeast taxa evokes intriguing questions concerning their evolutionary origin (8, 36, 37) . To address these questions, we employed Candida parapsilosis that has a linear mtDNA terminating in arrays of telomeric repeats (30,923 ϩ 2n ϫ 738 bp, where n ϭ 0 -12) ( Fig. 1A) (38, 39) . The complete mitochondrial genome of C. parapsilosis has been sequenced and been shown to be organized into two major transcriptional units, rnl-nad3 and cox1-atp6, which are transcribed from a central region to the left and right telomere, respectively (38, 40) . The genome lacks canonical S. cerevisiae-like ori/rep elements, but contains G ϩ C-rich elements located in both subterminal regions.
We analyzed replication intermediates of C. parapsilosis mtDNA employing two-dimensional neutral agarose gel electrophoresis (two-dimensional NAGE). We demonstrate that mtDNA intermediates in C. parapsilosis closely resemble those found in C. albicans despite the fact that the topological organization of the mtDNA is strikingly different. We only detect Y-arcs, and no initiation bubbles, in all genomic mtDNA frag-ments. Furthermore, we observed a characteristic presence of complex molecules that are not resolved into specific arcs or spots. These patterns are best explained by the RDR model that leaves significant fractions of molecules temporarily singlestranded. In our mtDNA preparations we also detect stable RNA:DNA hybrid molecules in the region corresponding to the starting point of the two major transcriptional units. These hybrid molecules fall under the wider definition of RITOLS (RNA incorporation throughout the lagging strand) intermediates detected in mammalian mtDNA (41, 42) and demonstrate that stable RNA:DNA hybrids can also be found in yeast mitochondria.
EXPERIMENTAL PROCEDURES
In Silico Analyses-Strand-specific asymmetry in the base composition of the C. parapsilosis mtDNA (NC_005253/ X74411) was analyzed using a cumulative GC (cGC) skew diagram ( Fig. 1B) . The calculation was performed using the DNA base composition analysis tool with window ϭ 32 and step ϭ 32 settings.
Strains, Growth Conditions, and mtDNA Purification-The C. parapsilosis strain SR23 (CBS 7157, accession number AY423711) (38) was grown in YPD (1% yeast extract, 2% peptone, and 2% glucose) at 30°C. Cells were harvested during exponential growth (A 600 1-1.5) and mtDNA was purified from isolated mitochondria as described elsewhere (65) .
DNA Modifications-10 g of mtDNA were digested with 3 units/g of restriction enzymes (Fermentas) as indicated for 3 h at 37°C. RNase H (Fermentas) treatments were 2 units for 30 min at 37°C, RNase 1 (Fermentas) was 10 units for 30 min at 37°C.
Electrophoresis, Hybridizations and Quantifications-Twodimensional NAGE was performed as previously described (7) . Restriction fragments of mtDNA were separated on 0.5% agarose gels at 0.9 V/cm and 21°C for 24 h (1st dimension) followed by 1% agarose run at 3 V/cm and 4°C for 15 h in the presence of 300 ng/l of EthBr (2nd dimension). Fork direction gels were prepared. First dimension gels were run in 0.4% agarose at 0.9 V/cm and 21°C for 22 h. In gelo digests were 3 ϫ 150 units of enzyme applied for 2 h (6 h total) at 37°C each time. Second dimension gels were 1.5% agarose run at 3 V/cm and 4°C for 16 h. Gels were blotted onto nylon membranes by alkaline transfer. Southern blots were hybridized to specific PCR probes as indicated (Table 1) for 3 h at 65°C in 7% SDS, 250 mM NaHPO 4 , pH 7.2, 1 mM EDTA, and 0.1% BSA, washed 2 ϫ 15 min at 65°C with 5% SDS, 40 mM NaHPO 4 , pH 7.2, 1 mM EDTA. Blots were exposed to Storage Phosphor Screens for 12-72 h (GE Healthcare), detected with a Typhoon TM Trio PhorsphorImager (GE Healthcare).
RESULTS
In Silico Analysis Reveals Three Significant Minima in a Cumulative GC Skew Diagram of C. parapsilosis mtDNA-An analysis of strand-specific asymmetry in base composition has been used to predict origins of replication in prokaryotic genomes. The leading strand of replicating DNA has a relative excess of guanine over cytosine residues and exhibits a positive value in cGC skew diagrams. The cGC skew polarity switches near the origin and the terminus of DNA replication (43) . Previously, we have shown that the cGC skew calculated from the sequence of C. parapsilosis mtDNA (Fig. 1B) has a global minimum at position 12,289 -12,321 localized between the rnl and cox1 genes, which contains promoters for the left and right polycistronic transcriptional units (38, 40) . We initially assumed that the global minimum of the cGC skew diagram could be associated with a canonical bi-directional origin of replication. In this case, replication would proceed from this central region toward the telomeres either by coupled or uncoupled synthesis of the DNA strands ( Fig. 1C ). Both global and local cGC skew minima have been found at origins of replication in bacterial chromosomes. In addition to the strong global minimum, two significant local minima were observed in the C. parapsilosis mtDNA close to the 554-bp long subterminal inverted repeats. The subterminal inverted repeat regions on both sides of the linear mtDNA contain a GC-rich motif that may represent hot spots of homologous recombination involved in the recombination-driven replication of linear mtDNA and/or mitochondrial telomere maintenance. Therefore, we analyzed the replication intermediates derived from the mtDNA regions exhibiting global and local minima in the cGC skew diagrams (see below).
The Major Forms of DNA Intermediates in C. parapsilosis Are Fork Structures and Recombination Intermediates-To determine and map potential replication initiation sites, the entire C. parapsilosis mtDNA was subjected to two-dimensional NAGE analysis, and restriction fragments of different sizes were chosen to overlap by several kbp (Figs. 1A and 2). Generally, restriction fragments that contain a replication origin of strand-coupled synthesis (e.g. mammalian mtDNA O H (44)) appear as "bubble arcs" (Fig. 2B, B , gray dotted line). Passing replication forks generate Y-arc patterns (Fig. 2B, Y) that extend from the 1N spot of non-replicating molecules to the 2N spot of almost fully replicated molecules. X-arcs emerging vertically from the 2N (Fig. 2B , X) comprise four-stranded DNA structures (Holliday junctions) (45, 46) . C-arcs, named after a cloud-like halo spreading from the well of the first dimension gel to the Y-arc, comprise of complex branched molecules that contain singlestranded stretches (7) . D-or R-loop-based initiation bubble intermediates are expected to form an arc that runs between the Y-arc and double-stranded linear molecules (47) .
The comprehensive analysis of C. parapsilosis mtDNA did not reveal bubble arcs, but showed Y-arcs on all restriction fragments, as for example, on fragments BglII (nt 4,465-6,942) probed for cob, EcoRV (nt 6,271-9,756) probed for cox2, EcoRV (nt 10,761-14,154) probed for rnl, HindIII (nt 15,241-18,745) probed for cox1-i1-orf306, and BglII (nt 21,058 -25,433) probed for rns ( Fig. 2A) . Also X-arcs and C-arcs (7) that consist of ssDNA-rich complex molecules were detected, both arctypes indicating homologous recombination throughout the mtDNA. The presence of Y-arcs in the absence of bubbleshaped intermediates was previously proposed to indicate RCR of yeast mtDNA (48, 49) , in other words a form of strand displacement synthesis. The absence of circular unit size mtDNA molecules in C. parapsilosis does not allow for RCR to explain the obtained results. However, the prominent C-arcs and X-arcs are indicative of recombination initiated DNA replication. The C-arc is diagnostic of multiple invasion structures. These are turned into Holliday junctions (X-arcs) and further into Y-arcs to proceed with DNA synthesis. Taking into consideration the similarities with replication intermediates found in C. albicans mitochondria (7), we propose recombinationbased coupled and -uncoupled mechanisms for mtDNA replication in C. parapsilosis. RC replication of C. parapsilosis mtDNA is seemingly not possible in the absence of circular template molecules of the main genome, but appears to be employed for telomere maintenance, i.e. t-circle replication (50) .
The polarity of the replication forks of coupled synthesis was assessed by a modified two-dimensional NAGE technique (see e.g. Ref. 7) . DNA intermediates of restriction enzyme-digested DNA samples are separated on the first dimension gel and then cleaved with an additional restriction enzyme in gelo (Fig. 3A) . As depicted in Fig. 3B , in gelo cleavage of replication forks can produce 2 distinguishable patterns: forks are either entering the restriction fragment of interest from left to right, in which case the double-stranded linear portion of the Y-structure closer to the 1N spot is cleaved off the fork. In this case, a shorter horizontal arc is produced, from which the remaining Y-structures extend (Fig. 3B, Y b ). Alternatively, forks are entering from right to left, resulting in remaining Y-structures closer to 1N and double-stranded linear fragments forming a horizontal arc further away from the 1N and Y-structure fragments (Fig. 3B, Y a ). There is, however, the possibility of observing both types in analyzed fragments, indicating forks of both possible polarities, i.e. bi-directional replication. Our analysis showed that replication forks pass the analyzed restriction fragments from both possible directions ( Fig. 3C , apexes of both Y b and Y a are indicated with arrows). If a single, bi-directional origin was initiating replication from the center of the C. parapsilosis mtDNA, analyses of fork polarity on either side of it would produce uni- Oligonucleotides are listed that were used as oligos probe or as PCR primers on purified C. parapsilosis mtDNA to generate the respective PCR products to be used as double-stranded probes.
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polar forks. This is to say a left-to-right fork in fragments situated right of the origin and right-to-left forks to the left of it. Observing forks of both possible polarities on any of the analyzed fragments thus provides two alternative, but not mutually exclusive possibilities. The initiation of DNA synthesis can be a recombination driven process that uses ssDNA annealing or strand invasions anywhere in the genome (Fig. 6) . Alternatively, the genome can be replicated from both ends of the linear mtDNA molecule by taking advantage of mechanisms used for mitochondrial telomere maintenance, which depends on recombination with telomeric circles (t-circles) (50) . Similarly to C. albicans, C. parapsilosis also has mtDNA molecules migrating on the ds linear arc of sizes smaller than 1N ( Figs. 2A  and 4A ). As proposed for C. albicans mtDNA, these may provide precursors for generating invasive 3Ј-ssDNA termini that would be suitable for priming RDR (7, 51, 52) . ssDNA Molecules of Different Sizes Almost Exclusively Consisting of One Specific Strand Are Omnipresent in the mtDNA in C. parapsilosis-Initial experiments had revealed prominent single-stranded DNA arcs (ssDNA) in mtDNA preparations from C. parapsilosis (data not shown). Together with the observed cGC skew and the resulting working hypothesis predicting the initiation of replication between the two transcriptional units, we considered the possibility of uncoupled bi-directional replication. In this case, the specific detection of an exposed lagging strand in the ssDNA form would be expected.
We employed strand-specific oligonucleotide probes in the two-dimensional NAGE experiments to analyze the polarity of ssDNA species. This strand-specific detection revealed that the observed ssDNA mostly originates from the upper strand of the C. parapsilosis mtDNA (Fig. 4A ). As indicated by the schematic in Fig. 4A , oligonucleotide probes called "sense" detect the upper strand if they are directed against sequences within the first third of the C. parapsilosis mtDNA (nt 1-12,000). However, beyond this point (nt 12,000 -30,923) the upper strand is detected by oligonucleotide probes called "antisense." An exception is the EcoRV rnl fragment, where the ssDNA originates from the lower strand.
Based on RNase treatments (Fig. 4B ) and previous studies (7) we could exclude that the ssDNA-arc contains or comprises RNA. According to the initial working hypothesis of bi-direc-tional replication from the region around nt 12,000, we expected to find little ssDNA in the case of strand-coupled replication or the respective lagging strand in the case of uncoupled synthesis (upper strand up to about nt 12,000, lower strand on from about nt 12,000). The formation of the ssDNA is therefore independent of what is expected to be formed as a result of uncoupled replication initiation from the hypothetical replication origin around nt 12,000.
The detection of lower strand ssDNA by uncoupled or strand displacement replication as it was observed in the present study can be explained by replication initiation close to or at the telomeric repeats (nt 1-1,100) with lagging strand synthesis initiation at several sites along the mtDNA. Remarkably, the length of ssDNA molecules varies in different regions of the mtDNA ( Figs.  2A and 4A ). The size difference could reflect the time a particular region is single-stranded and this can be dependent on the distance of the particular probe from a lagging strand initiation site. emerging from the Y-arc of passing replication forks and reaching into the C-arc of complex and ss stretch-rich molecules (examples shown in Fig. 4B , EcoRV nt 10,761-14,154, and Fig.  2A , BglII nt 4,465-6,942 or EcoRV nt 6,271-9,756). Remarkably, these arcs were more clearly seen on radiographs that revealed shorter ssDNA arcs. Accordingly, radiographs showing longer ssDNA arcs had more pronounced signals within the C-arc. In addition, D-loop-like arcs were best detected approaching the telomeric repeats and close to nt 12,000, the putative start site of the two major transcriptional units. However the D-loops were not detected within the telomeric repeat (TR) region. D-loops close to nt 12,000 were more closely investigated and EcoRV fragments (nt 10,761-14,154) were subjected to RNase 1 and RNase H treatments. RNase 1 preferentially cleaves ssRNA over dsRNA and RNase H uses RNA:DNA hybrids as a substrate. These treatments showed clearly that the arc of the single-stranded nucleic acids is not degraded, meaning that it consists of DNA. On the other hand, the D-loop-like structure emerging from the apex of the Y-arc (R:D-hyb in Fig. 4B ) was significantly reduced in size.
D-loop-like Structures Emerge from Various Fragments Supporting the Formation of ssDNA during Uncoupled Replication-
The D-loop-like structures suggest a mode of uncoupled synthesis on certain molecules within the population analyzed. We interpret their occurrence as intermediates of uncoupled replication initiation by recombination or strand invasion, which could be turned into coupled synthesis via a defined D-loop-like intermediate in the course of replication progression (Fig. 5,  mode 1) . Accordingly, D-loop-like structures would form from invasion of a homologous DNA strand. As DNA synthesis continues, the lagging strand template would be displaced, thus also explaining the observed formation of ssDNA species (Figs.  2 and 4) . Lagging strand synthesis might initiate at certain points of the exposed template thus explaining the differing length of detected ssDNA species as described above. As previ- ously seen with C. albicans mtDNA, passing forks of strandcoupled synthesis are at least as prominent as the D-loop or C-arc features, thus indicating the parallel occurrence of coupled and uncoupled replication. Importantly, the partial RNase sensitivity of D-loop-like structures identifies them as rather stable RNA:DNA hybrids (41, 42) . These structures could be RITOLS-like intermediates. Because RNA:DNA hybrids are mainly formed at the major transcription initiation site, we consider it to be very likely that they consist of stabilized transcription intermediates that serve here to facilitate recombination and thus to provide primers for subsequent RDR (Fig. 5,  mode 2 ). In this way, an alternative replication mode, differing from the above described asynchronous replication from telomeric repeats could be employed by C. parapsilosis. Whether this is locally restricted to the observed region or might be true in other parts of the mtDNA in C. parapsilosis remains to be investigated.
The Mitochondrial Telomeres of C. parapsilosis Do Not Exhibit
Typical Intermediates of Strand-coupled Synthesis-Analyses of restriction fragments, which cover the telomeric repeats (nt 1-1,348 and 31,398 -32,745), either exclusively or as parts of larger DNA fragments containing unique coding sequences alongside them revealed a significantly different picture in comparison with mtDNA intermediates from the coding region. These fragments did not contain Y-arcs of passing strand-coupled replication forks (Fig. 6) . The examples shown here are BglII (28,330 -32,745) probed for nad5 or subtelC (Fig.  6A ) probed by oligo2/2C. The predominant feature on these radiographs is made up of strong C-arcs of complex ssDNArich molecules (7) . The numerous dots along the arc dsDNA (linear) represent the telomeric repeats, which can occur at (n ϭ 0, 1, 2, 3 . . . ). These are not observed for EcoRI (nt 1-739/ 32,002-32,740, respectively) and ClaI (nt 249 -987/31,754 -32,492, respectively) probed for oligo2/2c (Fig. 6B ) because these enzymes cleave the repeat sequence itself, thus exclusively generating 1N fragments of the repeat sequence(s). These small regions, exclusively containing TR sequences, still show C-arcs, and even the expected pattern of ssDNA formation as described above, but no Y-arcs. Interestingly, fragments containing the subtelomeric sequence and unique coding parts, like the ClaI-SnaBI (nt 987-4,548) fragment probed for nad3 and BglII-ClaI (nt 28,330 -31,754) ( Fig. 6C) , show again strong C-arcs and imperfect Y-arcs. The imperfect Y-arcs resemble extra small and extra large Y-arcs (Y ES and Y EL ), as observed in special non-coding parts of the C. albicans mtDNA (7) , and therefore indicate strand invasion events similar to those described for C. albicans mitochondria. We have previously shown that t-circles are involved in mitochondrial telomere maintenance in C. parapsilosis (50) , and proposed the recombination of t-circles into the termini of the main chromosome as the underlying mechanism. As described for C. albicans mtDNA, C-arcs are indicative of complex structures, which result from recombination and imperfect Y-structures, which are readily initiated by strand invasion during homologous recombination. These observations made in C. albicans combined with the model for recombination-driven telomere maintenance in C. parapsilosis imply that RDR mechanisms are combined with the initiation of replication and the maintenance of chromosomal termini within the telomeric repeats as discussed hereafter.
DISCUSSION
With the data presented here, we produced further evidence for the general importance of homologous recombination in mtDNA replication in yeast. We suggest models for replication initiation and progression, which are likely to co-occur in the mitochondria of C. parapsilosis (Fig. 5 ). We and others have previously discussed the universal impact of RDR in organelle DNA maintenance with examples from yeasts, plants, and human heart (7, (51) (52) (53) (54) (55) (56) . A link between topology and maintenance mechanisms has been drawn for chloroplast DNA (54) , and this concept applies for C. albicans mtDNA as well. However, these organelle DNAs have mainly a complex, branched topology with random or undefined ends.
In contrast, C. parapsilosis contains a linear unit size mtDNA carrying specific telomeric structures at both ends. A putative replication origin located between the two postulated major transcription units (Fig. 1, A and B) was predicted by in silico analyses, and together this seemed to provide a working hypothesis for mapping a typical bi-directional origin to the Figs. 1 and 3 ; strand invasions (due to homologous recombination by t-circles or self-invasion of main-molecules) may provide primers for replication initiation at random locations across the C. parapsilosis mtDNA or from the TR toward the respective opposite ends. As soon as the replisome reaches the coding regions, replication proceeds in a strand-coupled mode ( Fig. 1 formation of Y-arcs).
given region (Fig. 1C) . However, the analyses of C. parapsilosis mtDNA replication intermediates did not reveal bubble arcs indicating replication origins that use RNA priming for strandcoupled DNA synthesis. The overall observation was rather in line with our previous findings for C. albicans, namely mtDNA intermediates that are predicted to result from coupled and uncoupled DNA synthesis accompanied by different recombination intermediates. Despite the significant differences in genome organization and mtDNA topology between these two yeasts, they seem to share similar replication strategies. This emphasizes the hypothesis that RDR is indeed a universally applicable mechanism for mtDNA replication in yeast and, as demonstrated for plant organelles and human heart, obviously has an important role in organelle DNA maintenance across the eukaryotes.
RC replication has long been proposed for mtDNA replication in yeast. As we discussed previously (7) and as was commented on elsewhere (Ref. 57 and references therein), this replication model does not seem to hold for yeast mitochondria. In yeasts like S. cerevisiae or Schizosaccharomyces pombe circular FIGURE 6. Analyses of mtDNA intermediates within and close to the telomeric repeats. No Y-arcs are detected but the C-arc is very dominant and even stronger than in fragments from the coding region. A, BglII-digested C. parapsilosis mtDNA probed for nad5 in the vicinity of subtelomeric and TR, and probed for subtel (non-coding sequences between coding regions and TR) do not reveal Y-or X-arcs (dotted lines) but show strong C-arcs (arrows). Dots on dsDNA on BglII pictures may reflect n-times repeated TR sequence (with n ϭ Ն1). B, more detailed analyses of fragments containing only TR sequence (ClaI-SnaBI probed for nad3 and BglII-ClaI probed for atp6) confirm that no complete Y-arcs are observed. However, it can be seen that Y-like arcs are extending from 1N (arrows). These distorted Y-arc-like signals suggest strand invasions transforming into complex C-arc molecules (reasoning see Ref . 7), formation of Y el and Y es therein). C, probing exclusively for TR sequences on ClaI and EcoRI fragments (restriction map in D) that strictly show intermediates of TR-mtDNA by detection with oligo2 and oligo2C probes (refer also to Fig. 1 A) again shows C-arcs (arrows) but neither complete nor distorted Y-arcs or X-arcs (dotted lines). In conclusion, we have formation of complex molecules in TR that are being resolved into replication forks when replication proceeds toward the coding region of chloroplast mtDNA. mtDNA molecules are extremely rare. In C. albicans such molecules are not detectable (if present at all) and C. parapsilosis clearly consists of unit size linear molecules. Although a comprehensive study of S. cerevisiae wt mtDNA is yet to be conducted, the data presented here as well as for S. pombe (48) and C. albicans (7) share striking similarities. Despite a different interpretation of the topological data from S. pombe, our conclusion is that yeast mtDNA replicates via RDR, which can generate a strand-coupled and an uncoupled mode of replication progression (Fig. 5 ). As outlined before, the D-loop-like structures, the C-arcs, and the formation of ssDNA arcs with different lengths can be explained by an uncoupled replication mechanism that involves strand displacement and initiation of lagging strand DNA synthesis at different locations along the mtDNA (Fig. 5, mode 1) . The presence of Y-arcs clearly shows that strand-coupled replication occurs in parallel. As depicted in Fig. 5, mode 3 , we propose that strand invasions either close to TR sequences (Fig. 5, mode 3, ends) but also possibly at random positions along the mtDNA (Fig. 5, mode 3 , random) initiate this mode of replication. It remains to be elucidated, if both modes operate simultaneously on the same molecules (which we regard as unlikely though not impossible), on sister molecules within the same cell/mitochondrial network, or cell specifically, and also whether the mode of replication depends on the cell cycle or the age of individual cells.
Strikingly, we found evidence of RITOLS-like intermediates of C. parapsilosis mtDNA (Fig. 4B , interpreted in Fig. 5 , mode 2). Because these intermediates are observed at the predicted transcription start site, we propose that RNA transcription facilitates strand invasion of homologous DNA. DNA synthesis primed this way may progress either by coupled or uncoupled mechanisms that remain to be elucidated. Based on data acquired from cultured mammalian cells that were depleted of their mtDNA and allowed to re-amplify (58), we are tempted to speculate that there is a possibility of observing strand-coupled replication in yeast mitochondrial networks that are predominantly amplifying mtDNA, but not in networks that are mainly transcribing the genome and replicating DNA as a side product of DNA strand opening in a RITOLS-like manner. We do not rule out, however, the possibility that both modes operate in parallel within the same network. Postulating both a high demand of newly synthesized mtDNA and a high requirement of mitochondrial gene expression in quickly doubling cells with a high energy demand, a subset of mtDNA units in C. parapsilosis could ensure a high DNA yield via strand-coupled replication, whereas uncoupled or even RITOLS-like coupled replication would suit to maintain the integrity of DNA strand exposure during transcription. The latter could readily explain the observed cGC skew pattern because, nonetheless, exposure of DNA, especially during elevated energy production, could impose extensive exposure to reactive oxygen species (ROS) and thus damage repair. The resulting cGC skew might be reflected in our in silico data, whereas it is further possible that the uncoupled synthesis observed (or the RITOLS mode) could account for DNA repair synthesis.
A particular feature of C. parapsilosis mtDNA, among the various kinds of yeast mtDNA genomes, is the presence of telomeric repeats (38, 50) . Our studies to date have shown that telomeric loop (t-loop) structures formed at the ends of a subset of linear molecules and t-circles are involved in mitochondrial telomere maintenance (50, 59, 60) . In the proposed model, t-circles recombine with terminal sequences to prevent shortening of the main chromosome due to the "end replication problem" (61, 62) . Herein, double hairpin elements in mtDNA can be involved in rearrangements and may serve as sites for recombinational events (63, 64) . Because the C. parapsilosis mtDNA contains DHE-like elements in both sub-terminal regions these sites may be involved in recombination-dependent telomere lengthening as proposed by Ref. 50 and serve as initiation sites for RDR of the whole mitochondrial DNA (Fig. 5,  mode 3, ends) . Indeed, the topological data acquired here is in strong support of this model (Fig. 6 ).
As such, the telomeric ends of C. parapsilosis mtDNA would simultaneously mark replication origins, thus fulfilling a dual function. It has been discussed for maize chloroplast DNA that the molecule ends lie near putative replication origins and such ends are suitable for RDR initiation (52, 54) . Our data are in full accordance with these observations. In addition, our cGC skew analysis did not only reveal a strong global minimum between the first third and the second two-thirds of the C. parapsilosis mtDNA, but also two significant local minima near nt 1,950 and 30,800 positions (Fig. 1B ). Because these are likely to indicate recombination hot spots similarly to what we observed in C. albicans (7) , they provide another piece of evidence in favor of RDR initiated from the telomeric repeat in C. parapsilosis. This would at the same time be a means of rescuing end shortening from previous rounds of replication. The polarity of replication forks of coupled synthesis is then in favor of unidirectional strand-coupled replication from either telomeric repeat or both ( Fig. 5, mode 3) .
In conclusion, our work presented here underlines and reinforces the significance of RDR for mtDNA maintenance in yeast and probably organelle DNA maintenance in general. A novel adjunct is the dual function of RDR in the replication initiation of mtDNA and mitochondrial telomere maintenance.
